In the search for MgB2-like phonon-mediated superconductors we have carried out a systematic density functional theory study of the Ca-B system, isoelectronic to Mg-B, at ambient and gigapascal pressures. A remarkable variety of candidate high-pressure ground states have been identified with an evolutionary crystal structure search, including a stable alkaline-earth monoboride oI8-CaB, a superconductor with an expected critical temperature (Tc) of 5.5 K. We have extended our previous study of CaB6 [Phys. Rev. Lett. 108, 102501 (2012)] to nearby stoichiometries of CaB6+x, finding that extra boron further stabilizes the proposed B24 units. Here an explanation is given for the transformation of cP7-CaB6 into the more complex oS56 and tI56 polymorphs at high pressure. The stability of the known metallic tP20 phase of CaB4 at ambient pressure is explained from a crystal structure and chemical bonding point of view. The tP20 structure is shown to destabilize at 19 GPa relative to a semiconducting MgB4-like structure due to chemical pressure from the metal ion. The hypothetical AlB2-type structure of CaB2, previously shown to have favorable superconducting features, is demonstrated here to be unstable at all pressures; two new metallic CaB2 polymorphs with unusual boron networks stabilize at elevated pressures above 8 GPa but are found to have very low critical temperatures (Tc ∼ 1 K). The stability of all structures has been rationalized through comparison with alkaline-earth analogs, emphasizing the importance of the size of the metal ion for the stability of borides. Our study illustrates the inverse correlation between the thermodynamic stability and superconducting properties and the necessity to carefully examine both in the design of new synthesizable superconducting materials.
I. INTRODUCTION
The development of computational crystal structure prediction tools 1,2 and methods to calculate electron-phonon based superconducting properties [3] [4] [5] [6] have led to a large number of BCS superconductors being theoretically proposed. Experimentally confirmed predictions, such as the superconductivity of already known structures of silicon 7 and lithium 8, 9 under pressure, are however rare as designing superconductors requires careful management of two, often competing, requirements. First, one must make sure that predicted metallic crystal structure phases are thermodynamically stable with respect to decomposition/transformation into more stable phases or at least dynamically stable with respect to all possible distortions.
Second, one typically screens viable structures for signature electronic and vibrational characteristics observed in known BCS superconductors with relatively high critical temperatures (T c ) 6 . Features thought to be favorable include a high electronic density of states (DOS) at the Fermi level (E F ) 10 and a large softening of certain high-frequency phonon modes. 11, 12 Materials composed of elements with a low mass or materials which are close to structural instability have been considered as promising candidates to possess such properties and therefore could make good BCS superconductors.
The difficulty comes from combining stability with superconducting properties as shown in recent 13, 14 and the present studies.
For example, one could say that the superconducting properties of the analog of MgB 2 , 15 CaB 2 , are ideal. It is composed of light elements and, relative to MgB 2 , it has a higher DOS at the Fermi level and a more pronounced vibrational phonon softening of the in-plane boron mode. 14 A recent study on the hypothetical hP3-CaB 2 (Pearson notation) structure indeed predicted it to be a superconductor with a T c of 50 K. 16 Although dynamically stable, the structure is thermodynamically unstable relative to elemental calcium and calcium tetraboride 17 as well as to our proposed polymorph oI12 based on four-and eight-membered ring layers of boron.
Various but experimental observations of their superconducting properties are still unconfirmed. 20, 21 To extend the search for MgB 2 type superconductors, here we have studied the whole composition range of Ca x B 1−x , isoelectronic to Mg-B, at both ambient and high pressure. Calcium under pressure currently has the highest T c amongst the elements of 29 K. 22 In addition, elemental calcium 22, 23 and boron 24, 25 have been shown to form complex high-pressure structures giving us further motivation to study their compounds.
In the set of Ca-B crystal structures we have considered, medium concentrations of calcium (0.33-0.50) are found to form stable superconducting compounds. The superconductors all have a high contribution of calcium electronic states at the Fermi level. Calcium rich structures (x > 0.50) are found to be unstable. An evolutionary ground state crystal structure search has identified four new high-pressure superconducting structures: oI8-CaB (T c = 5.5 K), oI12-CaB 2 (T c ∼ 1 K), mS12-CaB 2 (T c ∼ 1 K) and CaB 6.25 (T c ≈ 1.9 K).
FIG. 1: (Color online)
Top: the formation enthalpy of proposed structures of CaB6, CaB4, CaB2 and CaB. The plot for CaB2 also shows the unstable hP3 structure in gray. mS16-CaB cannot be seen as its enthalpy is close to oI8-CaB. Middle: the pressure ranges in which the proposed ground state structures are stable. Bottom: calculated formation enthalpies of CaxB1−x compounds at 0 (black) and 30 GPa (red) with their structures and superconducting critical temperatures (Tc).
We discuss the behavior of the stability with pressure of calcium and other alkaline-earth metal borides in the proposed ground state structures.
Our study of CaB 4 agrees with previous DFT-ba sed calculations showing that tP20-CaB 4 should be stable at ambient pressure. 26 However there have been concerns about its stability when considering the electron count within the compound. 27 Here we explain why the ThB 4 -type CaB 4 structure should be stable at 0 GPa but destabilizes at 19 GPa relative to a semiconducting MgB 4 type structure resulting from out-of-plane chemical pressure from the metal ion. Expanding upon our past investigation of CaB 6 , 28 we show that the phase transition to oS56 at 13 GPa is correlated to the length of one specific boron-boron bond length whilst the transition to tI56 at 32 GPa is due to space constraints for accommodating the metal ion. Following the experiments supporting the tI56 parent structure, 28 we find a more stable derivative, tP57-CaB 6.125 , created by the insertion of an extra boron atom into half of the B 24 units. The stability and superconducting T c of these structures are shown to be highly sensitive to the boron concentration. At the M B 2 composition we find that CaB 2 stabilizes at 8 GPa as a low-T c superconducting layered structure with four-and eight-membered boron rings (oI12), like those observed in the composite boron-carbon layers of CaB 2 C 2 .
29 A monoclinic structure (mS12), composed of a buckled sheet of boron hexagons, stabilizes above 32 GPa. Finally, we propose a stable alkaline-earth monoboride (oI8-CaB) at 20 GPa composed of zig-zagged boron chains; the highest T c superconductor (5.5 K) found so far in the calcium borides. Figure 1 gives a summary of predicted structures (details in Supplemental Material 30 ), the pressures they are stable over and the calculated T = 0 K formation enthalpies. This paper is split up into seven sections. Section III details the computational methodology and the evolutionary crystal structure search. A summary of the stability and properties of each Ca:B composition will be given in Secs. IV-VII: IV -CaB 6+x ; V -CaB 4 ; VI -CaB 2 and VII -CaB. For proposed structures we have rationalized their stability and examined their electronic (DOS and band structures) and vibrational properties. For identified metallic structures, we have assessed the strength of their electron-phonon coupling, by calculating the Eliashberg spectral function, α 2 F(ω), and estimated a superconducting transition temperature (T c ) using the Allen-Dynes 4 equation.
II. OVERVIEW

III. COMPUTATIONAL DETAILS
We used density functional theory (DFT) calculations to assess the thermodynamic stability of over a hundred Ca x B 1−x structures. Some of these structures were taken from known metal boride and related configurations 31 listed in the Inorganic Crystal Structure Database (ICSD). 32 The rest of the structures were generated by performing an unconstrained structural optimization using an evolutionary algorithm within the Module for Ab Initio Structure Evolution (MAISE) 33 . MAISE relies on VASP 34 to calculate the enthalpy of crystal structures and uses this information to perform a global optimization to find the lowest enthalpy ordered phase at a given elemental composition. [35] [36] [37] [38] It enables full structural optimization starting with random or known configurations by passing on beneficial traits from parents to offspring via crossover and mutation operations. The settings for the evolutionary algorithm search were similar to those used in our previous study. Table I lists the unit cells used in the evolutionary search at each stoichiometry and a relative enthalpy (H rel ).
31
H rel is defined as the ordinate distance between the point corresponding to the most stable structure at a given composition and the line connecting two nearest ground states in the formation enthalpy plot (Fig. 1) . Gibbs energies were calculated using PHON 39 and it was found that the vibrational entropic contributions at elevated temperatures for structures at different compositions typically did not change by more than 10-15 meV/atom. With no available experimental information we have focused on the most likely to occur compositions. 40 For superconducting properties, calculation of the Eliashberg function determined the logarithmic average phonon frequency ω ln , and the strength of the electron phonon coupling λ, which were both entered into the Allen-Dynes equation [Eqn. 1] 4 to estimate the superconducting T c . The Coulomb pseudopotential µ * was assumed to be a constant of 0.12 as this is typically a good estimate for these types of superconducting compounds.
Crystal ionic radii 44 were used for stability analysis and further details about this choice are given in the Supplemental Material. 30 In addition, all crystal structure diagrams have been adapted from those generated using VESTA 45 .
IV. CaB6+x (x = 0, 0.25, 0.125)
A large number of hexaborides (lanthanides, actinides and alkaline-earths) adopt the same simple cubic structure (cP7-CaB 6 ) of B 6 octahedra connected in a three-dimensional network with metal ions in between. Hexaborides are of interest for their valence-fluctuation (SmB 6 ) and Kondo effects (CeB 6 ), 46 superconducting properties (YB 6 , T c = 7 K) and use as thermionic emitters (LaB 6 ).
46 CaB 6 in particular was thought to be weakly ferromagnetic 47 but the observation is now attributed to impurities in the sample.
48
Twenty electrons per boron octahedron (B 6 2− ) are required for the stability of cP7-M B 6 . 49 This criterion may not apply for CaB 6 at high pressure as X-ray diffraction (XRD) measurements have indicated a cubic to orthorhombic phase transition around 12 GPa
50
(the observation was not confirmed in follow up experiments 28, 51 ). A theoretical high pressure study by Wei et al. 52 compared two structures: cP7 and oP14 (Pban), 53 concluding that cP7-CaB 6 does not undergo a phase transition up to 100 GPa. Performing a fully unconstrained search at a particular chemical composition enabled us to propose much lower enthalpy orthorhombic and tetragonal high pressure crystal structures.
28
Using the DFT we predicted that the cP7 structure becomes dynamically unstable at 23 GPa 28 . At 13 GPa, cP7 is thermodynamically unstable relative to an orthorhombic oS56 structure consisting of B 6 octahedra and a chain of fused octahedra which open up and now share a bond (see Fig. 2 ). Upon applying further pressure (32 GPa) a tetragonal tI56 structure, made up of 24-atom units of fused boron octahedra, becomes thermodynamically stable. 28 The existence of the parent high pressure tI56 structure has been supported with powder XRD measurements 28 . High pressure phase transitions have been observed in other metal hexaborides such as LaB 6 and YB 6 . The LaB 6 structure was indexed as Pban 54 but was not observed in subsequent experiments. 55 Our phonon calculations also indicate no reason for the cP7 structure to distort up to 60 GPa with the proposed Pban structure relaxing back to cP7 at 15 GPa. YB 6 is superconducting with a T c of 7.1 K which has been predicted to drop with pressure. The R and M phonon modes of YB 6 become imaginary at high pressures (55 and 63 GPa, respectively)
56 like in CaB 6 28 . At ambient pressure, MgB 6 has been suggested to stabilize as a related cubic structure which exhibits surprising magnetic and antiferroelectric properties.
57
In order to generate the proposed stable structure, only one displacement from cP7 was considered. In this displacement, the magnesium ion sits closer to the face of the unit cell that had been artificially forced to remain cubic in the simulation. Our analysis shows that the structure is unstable to decomposition into experimentally known MgB 7 and MgB 4 by 95 meV/atom. We have also found more stable configurations for MgB 6 : the proposed oS56 ground state of CaB 6 and local minima around cP7-CaB 6 of oP28, hR42 and tI28. The lowest energy configuration, oS56, is 37 meV/atom lower in enthalpy than the proposed magnetic cubic structure but still 59 meV/atom above the MgB 7 ↔ MgB 4 tie-line.
A. Structural properties of CaB6 and analysis of the dynamical instability
For dynamical stability analysis we calculated the phonon dispersion of cP7-CaB 6 under pressure ( Fig. 3 ) and found a whole branch along the M -R direction becoming imaginary above 23 GPa (see Ref.
30 ).
FIG. 2: (Color online) Structures of cP7, oS56 and tI56
CaB6. As for all structure diagrams in this article the boron atoms are in dark gray and calcium atoms in blue. The bond between octahedra described in the text and in Fig. 4 is shown in red.
Frequencies of selected phonon modes at the Γ, X, M , and R high-symmetry points were calculated as a function of pressure [see Fig To find the lower energy phase of CaB 6 we constructed possible distorted structures for the 2×2×2 cP7 supercell by considering all non-equivalent combinations of the three degenerate R-point and one M -point eigenvectors as listed in Table II . The resulting distorted unit cells were carefully relaxed (the residual forces were below 0.001 eV/atom) and found to converge to several distinct configurations judging by their space group, enthalpy, atomic volume, simulated XRD pattern 30 and radial distribution functions (see Ref.
28 ). For example, the most general distortion e For each distinct new structure we ran a phonon dispersion calculation and established that the oP28, hR42 and tI28 structures 30 of CaB 6 are the local minima around the parent cP7 structure.
The evolutionary search at 30 GPa revealed the proposed ground state of oS56-CaB 6 which stabilizes over cP7 at 13 GPa. Applying pressure to cP7-CaB 6 reduces the B-B bond between octahedra (from 1.673Å at 0 GPa to 1.571Å at 30 GPa). The shortened bond breaks and half of the octahedra open up and fuse which results in the formation of zigzag strips in one direction (oS56 in Fig. 2 ). For all alkaline-earth hexaborides at 0 -50 GPa, oS56 is found to be more stable when B-B bonds between octahedra are longer than those in cP7 (Fig. 4) . Fig. 2 . The kink at 50 GPa for the Be point is thought to be due to collapse of the highly unstable BeB6.
At 32 GPa all octahedra open up, rearrange and fuse with three others to form a 24-atom boron unit in a tetragonal tI56 structure. The evolutionary search revealed a metastable state where one boron atom had migrated to the center of the B 24 unit. As there is enough space in the middle for an extra boron atom we constructed unit cells with additional boron atoms. Filling all of the B 24 units led to a tI58-CaB 6.25 phase metastable by 6 meV/atom with respect to γ-B and tI56-CaB 6 at 50 GPa. However, filling just half of the B 24 units resulted in a stable tP57-CaB 6.125 phase and made the empty tI56-CaB 6 metastable by 5 meV/atom with respect to tP57-CaB 6.125 and oP20-CaB 4 at this pressure.
We only tested the two most ordered configurations of boron atoms inside the units and it is possible that others could result in lower-energy ordered or disordered CaB 6+x structures based on the mixture of B 24 and B 25 building blocks. We find that it would be difficult to resolve such derivatives of the tI56-CaB 6 phase with powder X-ray measurements due to closeness of the simulated powder XRD patterns. Out of all alkaline-earth metal hexaborides, the calcium structure is stable as tP57 since it provides the smallest cuboid volume in the B 24 unit for a boron atom to sit.
30
The electronic properties of known cP7 and proposed structures of CaB 6 (oS56, tI56) and tP57-CaB 6.125 were calculated within the GGA (Fig. 5) . These tests were intended only for preliminary analysis of the electronic states because standard DFT incorrectly predicts cP7-CaB 6 as being metallic 61 . Since there is no significant change in the electronic density of states or band structure for the cP7 structure under pressure, the driving force for the phase transition at 13 GPa is thought to be structural (Sec. IV A).
The decomposed band structure plots in Fig. 5 show orbital contributions to specific bands close to the Fermi level. The valence bands close to and below the Fermi level are dominated by boron p states in all three structures. The conduction band for the cP7 structure across Γ-X-M is composed of a hybrid between B(p) and Ca(d z 2 ) and Ca(d x 2 −y 2 ). In the oS56 structure, it is the nearly free-electron Ca(d yz ) states that hybridize with the B-p states near the Fermi level and produce a nearly constant DOS in the pseudogap region from -2 to 0 eV. The Fermi level lies on the slope of a DOS peak further suggesting that this is a suboptimal configuration and a more stable related structure might be found by considering larger unit cells. In the tI56 structure, just as in cP7, the Ca (d) states close to the Fermi level are from Ca (d z 2 ) and Ca (d x 2 −y 2 ). The bottom of the Ca d bands in both oS56 and tI56 structures now lies FIG. 5: (Color online) Calculated band structure and density of states plots of known (cP7-CaB6) and predicted (oS56-CaB6, tI56-CaB6 and tP57-CaB6.125) structures relaxed at 30 GPa. The size of the colored circles indicates the orbital contributions to the bands. The decomposition was done within the default PAW radius. The k -paths were generated using Refs. [58] [59] [60] . The conventional unit cell was used for tI56 to illustrate the differences in the tI56 and tP57 band structures.
well below the Fermi level (by ∼1 eV) while the top of the predominantly B p bands lies above the Fermi level (by ∼0.5 eV). These observations suggest that the predicted polymorphs should be metallic with multiple Fermi surfaces of mixed Ca-d/B-p or predominantly B-p character but more accurate methods, such as GW or time-dependent DFT, should be used to determine the exact position of these electronic states and whether the band gap in cP7 closes at high pressures.
The insertion of an extra boron atom into half of tI56-CaB 6 boron units results in mostly boron states at E F . These states are mainly B(p y ) which lie in the direction of the filled boron unit layers. The Ca(d
B. Superconducting properties of CaB6
We predict that the metastable tI58-CaB 6.25 would be superconducting at 50 GPa with a T c of 1.9 K (λ = 0.41, ω ln = 653.9 cm −1 ). tI56-CaB 6 is predicted to be non-superconducting. Due to the large structure size, we could not complete the calculation of the Eliashberg function for the more stable tP57-CaB 6.125 . However, judging by the DOS at E F one could expect the structure to be superconducting with T c of 1 K 30 .
V. CaB4
Twenty metal tetraborides are known to have a common structure, the tetragonal ThB 4 -type tP20 structure, first determined by Zalkin and Templeton 64 Calcium tetraboride is the only alkaline-earth metal thought to form this structure and although it was first synthesized in 1961, 65 the compound has regained some interest recently.
27,64,66,67
Previous DFT-based calculations have found tP20-CaB 4 to be stable at ambient pressure. 26 Liu et al. 67 recently reported the experimental synthesis of CaB 4 under 2 GPa of pressure, however from computational analysis they concluded that the formation of CaB 4 is not favorable under ambient pressure in comparison to CaB 6 .
FIG. 6: (Color online)
A top view of one layer of the crystal structure of the tP20-CaB4 ground state at 0 GPa and a side view of the oP20 MgB4-type structure of CaB4, a proposed ground state at 30 GPa.
The ThB 4 type structure (Fig. 6) consists of a boron layer with B 6 octahedra, as seen in M B 6 , 68 joined by B 2 dimers as in each unit cell of M B 2 68 . Metal atoms sit above and below the boron layer and B-B bonds join the layers of octahedra forming a three-dimensional covalent boron network. It has been suggested that insufficient electrons are provided by the calcium ion to the boron network. 27, 66 For CaB 4 to be stable, the dimer must be a double bond 69 taking two electrons from a Ca
2+
ion. The rarity of a boron-boron double bond has led to the conclusion that three electrons are required from the metal atom for the stability of a single bonded dimer.
27,66
However, it has been shown that semi-filled bonding bands are sufficient for the stability of lanthanide and actinide tetraborides. 64 It is therefore clear that some questions about the stability and electronic structure of CaB 4 still remain unanswered. In addition, to our knowledge there is no evidence of a pressure-induced phase transition from ThB 4 -type calcium tetraboride.
Transition metal tetraboride structures (e.g. CrB 4 , MoB 4 and WB 4 ) are not relevant for this study as their alkaline-earth analogs are unstable. It is however interesting to note that even for other tetraborides there have been many open questions at ambient pressure. For example, we predicted that the ground state crystal structure of the known CrB 4 compound has lower symmetry 70 than thought originally 71 and our proposed structure type has been subsequently confirmed with electron diffraction experiments.
72
Here we explain why ThB 4 -type CaB 4 is stable at ambient pressure and give a general rule for the stability of all ThB 4 -type tetraborides with pressure. Stability is shown to be a balance between the size restrictions posed by the metal ion within the boron lattice and the distribution of charge between B 6 and B 2 units. Using an evolutionary search we found that at 19 GPa the oP20 MgB 4 -type structure becomes energetically favorable relative to the low-pressure tP20 ThB 4 type (Fig.  6 ). oP20-CaB 4 is composed of a chain of pentagonal pyramids with metal atoms sitting in channels running in one direction. At 30 GPa, the tP20 structure is 39 meV/atom higher in enthalpy than the proposed oP20 ground state (Fig. 1) . Two higher pressure (50 GPa) semiconducting metastable states (mP20 and hR10) were also revealed in the search as detailed in the Supplemental Material.
30
A. Structural stability of CaB4
Metal ions sit directly on top of each other in tP20-CaB 4 and since these ions are closer together than those in the plane, one can expect this interplanar separation to have an effect on stability. Figure 7 shows how the percentage space filled up by the divalent metal ion perpendicular to the boron plane varies with ionic radius and pressure for the alkaline-earth metal borides. Going down the group, the interplanar separation (lattice vector c) does not increase greatly to accommodate the larger ionic radius so the space filled up by the ion increases almost linearly. As expected, applying pressure reduces the space available to the ion but only slightly as the rigidity of the boron lattice in three dimensions is maintained by the B-B bond between the layers. All known metal tetraborides with the tP20 structure fit neatly over a small range where 49-57% of the interplanar distance can be filled with the metal ion. At both 0 and 30 GPa, MgB 4 falls below this range which is the reason for the tP20 structure being 105 and 293 meV/atom higher in enthalpy than the ground state at these two pressures. The experimentally observed tetraborides of the heavy elements, lanthanides and actinides, are plotted here and all fall within this range. CaB 4 is stable in the tP20 structure up to 19 GPa before becoming thermodynamically unstable relative to the oP20 structure. tP20-CaB 4 at 20 GPa lies outside the proposed allowed filling range. At high space filling, direct metal-metal repulsion makes this tP20 configuration thermodynamically unfavorable.
At ambient pressure, tetraborides with metallic ions of radii 0.99-1.18Å are predicted to form the tP20 structure. This prediction can be used to explain the formation of tetraborides for all metals. Muetterties 68 defined an atomic radius range over which tetraborides were stable (1.97 -1.68Å, center -1.82Å) but we have defined it in terms of an ionic radius. This is because: (i) charge transfer from the metal to the boron network is known to occur and (ii) the ion space filling is more strongly correlated to the compounds' stability than atomic space filling.
30
Monovalent sodium is the only alkali metal that falls within the range; however, as two electrons are not available to be transferred to the boron network, sodium does not form a stable structure, lying 120 meV/atom above the Na 3 B 20 -Na tie-line. RbB 4 has been suggested to stabilize as tP20 26 but our calculations indicate that it is unstable with a positive formation enthalpy of 253 meV/atom. Across the row of 3d transition metals, only one ion (1+, 2+, 3+, 4+ or 5+), Ti 2+ , fits within the range. Since titanium prefers to be in the 3+ or 4+ state, tP20-TiB 4 does not form. Among 4d transition metals, yttrium with an ionic radius of 1.04 A falls within the window and forms a stable tP20 tetraboride. Divalent palladium, silver and cadmium have ionic radii of 1.00, 1.08 and 1.09Å, respectively, falling within the stability window. The tP20 structure is not stable for these borides as the metals are thought to prefer to be in other valence states (for example silver prefers to be monovalent). No cadmium borides are known and palladium only forms metal rich borides. Praseodymium and europium tetraborides are the only lanthanide tetraborides that are not stable at ambient pressure. 64 Trivalent praseodymium has an ionic radius of 1.13Å, so theoretically we would expect this to form a tP20 structure; however, we are unlikely to see any experimental studies to prove this due to the low abundance of the element. Trivalent europium has an ionic radius of 1.09Å; however, it is thought that the element prefers to be in a 2+ state which would make the ion too large (1.31Å) to form the tP20 tetraboride structure. All the known actinide tetraborides fall within the window (Th, U, Np, Pu, Am). The trivalent ions of Pa, Cm, Bk and Cf are of an appropriate size to fit into the window however the rarity of these elements makes it difficult to form a sound conclusion as to whether or not they will form a tetraboride.
The phase transition from tP20 to oP20 makes CaB 4 more compact: at 30 GPa the volume per ion for oP20 is 8.45Å, while for tP20 it is 8.97Å. Naslain et al. 73 studied the structure of magnesium tetraboride and explained that larger ions prefer to be in the tP20 structure while the smaller magnesium ion prefers the oP20 structure. We extend this idea to include the effect of externally applied pressure and to explain why the oP20 structure destabilizes at high pressures for all alkaline-earths. We find that there is an ideal volume for the oP20 structure to be stable, 7.78 -9.1Å 3 per atom.
B. Electronic properties of CaB4
Examination of the charge on the B 2 dimer in various tP20-type metal tetraborides could give insights into their stability. Unfortunately, there is no universal definition of an atomic charge in the DFT. Bader charge decomposition 74 has revealed interesting charge transfer trends in several systems. 72, 75 We have used the highest accuracy settings (dense k -meshes and high cutoff energies) to calculate the charge distribution in tP20-CaB 4 as a function of pressure. We observed that at pressures above 20 GPa, the excess Bader charge on the dimer (relative to three electrons per boron) falls below 0.4 electrons. 30 In comparison, the excess charge on the octahedron does not change much with pressure. Low charge around the dimer could be thought to lead to instability of the B 2 unit and thus the whole tP20 framework. Using this boundary one could also predict destabilization of YB 4 and LaB 4 above 50 GPa.
30
The electronic band structure shows that tP20-CaB 4 is metallic (Fig. 8) . Unlike the other Ca-B structures discussed in this study, the DOS at the Fermi level is dominated by boron p states. The semi-filled bands around the Fermi level are mainly from the B 2 dimer. The dimer bands have also been found to be semi-filled in stable lanthanide and actinide tetraborides. 64 Our GGA calculations indicate that the high pressure oP20 structure is semiconducting.
VI. CaB2
The diborides have become the most studied boride composition after the discovery of superconductivity in MgB 2 , 76 though among the alkaline-earths, only magnesium diboride is stable at ambient pressure. A stable phase of BeB 2 has previously been proposed.
77,78
However, the experiments were not able to fully characterize the structure. Furthermore, our calculations indicate that the theoretically determined F43m structure proposed 77 is thermodynamically unstable (by 84 meV/atom) relative to at least one structure found in our preliminary evolutionary search of buckled hexagonal sheets of boron with a double layer of metal ions. 30 A CaB 2 structure of linear boron chains was recently predicted to stabilize at ambient pressure. 79 This structure was previously proposed (δ-CaB 2 ) and found to be highly unstable against phase separation into CaB 6 and fcc-Ca by 144 meV/atom due to the large ionic size of calcium.
17
At high pressure, MgB 2 is known to be stable in the hP3-AlB 2 (hP3) configuration up to at least 57 GPa.
80
As can be seen in Fig. 9 , the hP3 structure consists of hexagonal layers of boron sandwiching closed-packed layers of metal atoms. It has been suggested that CaB 2 stabilizes as hP3 above 8 GPa. 79 Our calculations indicate that at 30 GPa, hP3-CaB 2 lies 56 meV/atom above the CaB 4 -Ca tie-line (see Fig. 1 ). We propose a different superconducting oI12 structure above 8 GPa, consisting of ABA stacking of B-Ca layers with four and eight membered rings of boron. The 4-8 arrangement of the covalent boron network makes room for the large Ca ion to sit over the eight-membered ring. At 32 GPa a monoclinic structure (mS12) of buckled layers of boron hexagons becomes thermodynamically more stable. hP3-CaB 2 is unstable at ambient pressure as metal ions are too close to each other in the plane. We have found more energetically favorable configurations of CaB 2 at 0 GPa. The lowest energy structure is the proposed high-pressure phase of oI12-CaB 2 . At 30 GPa, the formation enthalpy of CaB 2 structures is generally found to be dependent on the shortest metal-boron distance (M-B) within the structure. 30 The M-B in oI12 is 2.61 A, which was the largest of all the structures considered. The eight-membered boron ring in oI12, restricts the metal ion to sit above the center of such a large ring, resulting in a large M-B.
B. Electronic properties of CaB2
The electronic DOS for the unstable hP3 structure and two proposed ground state structures oI12 and mS12 are shown in Fig. 10 . All three structures are metallic with the DOS at the Fermi level for the hP3 structure being around double that for the ground states, illustrating the basic problem of combining desired superconductivity and stability features in one structure. The hP3 and oI12 structures have equal contributions from both boron and calcium atoms at the Fermi level, while the mS12 structure has a slightly higher contribution from the calcium atom. Boron states are mainly from p y and p z orbitals which lie perpendicular and parallel to the boron plane. Calcium states are mainly from d xy and d xz orbitals. 
C. Superconducting properties of CaB2
oI12-CaB 2 at 30 GPa and mS12-CaB 2 at 50 GPa are expected to be poor superconductors with a T c of 0.8 and 1.0 K respectively. Compared to CaB, which will be discussed next, oI12-CaB 2 has a higher ω ln but its DOS at E F is under half of that in CaB resulting in a lower λ. From a structure search of Sr 4 B 8 we find oI12-SrB 2 to be stable at 30 GPa, and predict it to be superconducting with a T c of 0.7 K. Despite Sr having a larger mass than Ca, therefore lowering its ω ln , the structure has a similar predicted T c .
VII. CaB
Monoboride structures are unknown among the alkaline-earth metals at both ambient and high pressure as the number of electrons in the compound is not optimal. Using the results of an evolutionary search we find that CaB stabilizes at 20 GPa as zigzagged boron chains (oI8) and a metastable state of snake like boron chains becomes thermodynamically more stable above 35 GPa. The two structures are also stable for strontium boride.
A. Structural properties of CaB
With only one boron atom per metal atom there are limited configurations that a covalent boron network can form. 81 All involve individual chains since a slightly higher concentration of boron is required for double chains (as in Cr 3 B 4 ) and a slightly lower concentration is required for branched chains (as in Ru 11 B 8 ) . 81 The evolutionary search revealed three low-energy types of boron chains that we have compared: oP8, linear; mS16, snake-like and oI8 -zigzag (Fig. 11 ). oI8-CaB is an ABA layered structure with calcium atoms sitting in the bends of the chains. Linear chained oP8 is 53 meV/atom higher in enthalpy than oI8. Boron chains fit themselves around group II metal ions, therefore, the larger the ion, the larger the bond angle in the zigzagged structure (oI8). Comparing to the linear chains (oP8) we find that the smallest ions (Be and Mg) relax away from linear chains and back to zigzag chains (oI8). Calcium boride relaxes as linear chains only when 20 GPa of pressure is applied.
FIG. 11: (Color online)
The crystal structures of the three lowest enthalpy phases of CaB found using the evolutionary search. The oI8 ground state consisting of zig-zag boron layers, mS16 metastable state consisting of bent boron chains and the linear chained oP8 structure that is the highest in enthalpy out of the three structures.
B. Electronic properties of CaB
The electronic density of states (Fig. 12) shows the metallic nature of all the considered CaB structures. The DOS at Fermi level of oI8 and oP8 are 0.45 and 0.65 states/(eV spin f.u.), respectively, coming mainly from the calcium atom, in particular Ca(d x 2 −y 2 ) states which lie along the line of the boron chains and between the layers. Boron p y and p z orbitals which lie in the zig-zag plane contribute most to boron states at the Fermi level. The mS16 structure has a much lower DOS at E F [0.20 states/(eV spin f.u.)], possibly resulting from a higher contribution (50%) to the total DOS from the boron. The projected density of states of the three lowest enthalpy structures (oI8, mS16 and oP8) of CaB found using the evolutionary search. See Fig. 10 for the graph labels.
C. Superconducting properties of CaB Figure 13 shows the Eliashberg spectral function and the electron-phonon coupling strength λ for oI8-CaB. We predict that oI8-CaB will be superconducting at 30 GPa with a T c of 5.5 K, total λ of 0.58 and ω ln of 330.2 cm −1 . 68% of the total λ results from modes below 360 cm −1 , which are mainly displacements of calcium atoms. The decomposition of the phonon density of states into contributions from the atoms (Fig.  13) shows that the in-plane movement of boron atoms (around 500 cm −1 ) has a negligible contribution to the electron-phonon coupling in this compound. Similarly, a calcium phonon mode is thought to play a large role in the linear increase of the T c of CaC 6 with pressure (11.5 K at 0 GPa up to a maximum of 15.1 K at 7.5 GPa).
82 It would also be interesting to compare the superconducting properties of the CaB and the related isoelectronic oS8-LiC compounds. The latter has been recently predicted to form under pressure. 
VIII. CONCLUSIONS
We have used an evolutionary structure search to identify high-pressure stable phases of Ca x B 1−x . At 30 GPa three new structures of CaB 6 , CaB 2 and CaB stabilize, while CaB 4 stabilizes as the known MgB 4 structure type. For all compositions we have found that the stability of a particular structure is highly dependent on the size of the metal ion, shaping the boron framework around it.
A variety of stable superconducting calcium boride compounds are predicted but have relatively low critical temperatures, exemplifying the inverse correlation between stability and superconducting T c . Stable superconductors are only found for medium concentrations of calcium where x = 0.33-0.5. Their superconducting nature is thought to be due to the high contribution of calcium states at the Fermi level. The main results for each Ca-B composition are summarized below.
CaB 6 : The known semiconducting cubic structure (cP7) at ambient pressure becomes dynamically unstable around 25 GPa. Three derived dynamically stable structures have been identified via a systematic analysis of multiple imaginary-frequency phonon modes. The stability of a metallic orthorhombic structure (oS56), proposed to be the CaB 6 ground state in the 13-32 GPa pressure range, 28 is shown to correlate with the length of a boron bond in all alkaline-earth hexaborides (Fig.  4) . The parent tI56-CaB 6 structure, predicted to be stable above 32 GPa and supported by XRD data in our previous study, 28 is shown here to stabilize further with the addition of a small amount of boron. The more stable tP57-CaB 6.125 structure derived from tI56-CaB 6 may be a low-T c superconductor.
CaB 4 :
The ThB 4 -type structure (tP20) is demonstrated to be thermodynamically stable at ambient pressure. A general rule has been found, for all pressures, relating the stability of tP20-M B 4 with the size of the metal ion (Figure 7) . According to the rule, at ambient pressure, metals with ionic radii of 0.99-1.18 A should form tP20-M B 4 . tP20-CaB 4 destabilizes at 19 GPa relative to the MgB 4 -type semiconducting structure.
CaB 2 : No stable polymorphs have been found at ambient pressure but a four-and eight-membered boron ring layered metallic structure (oI12) is expected to form under 8 GPa of pressure. oI12-CaB 2 and its SrB 2 analog are superconducting at ∼1 K. Above 32 GPa, a monoclinic structure (mS12) composed of bucked sheets of hexagons, which is poorly superconducting, becomes thermodynamically more stable.
CaB: No alkaline-earth monoborides are known at ambient pressure. Above 20 GPa, a superconducting zigzag chained structure of oI8-CaB stabilizes with a predicted T c of 5.5 K. The boron chains are zigzagged as they fit themselves around the metal ion.
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